We present the description of the synthesis and characteristics of the SnO 2 and ZnO modified by novel tetrathiafulvalene (TTF) derivative. The analysis of the gas sensor properties showed the possibility of light photoactivation of modified semiconductor gas sensor due to the electron transfer from LUMO of TTF molecule to the conduction band of semiconductor matrix.
Introduction
In recent years investigation of organic-inorganic nanocomposites has become a very rich field of study [1] [2] [3] . Promising applications expected for the organicinorganic semiconductor devices are light-emitting diodes and photovoltaic cells [4, 5] . The interactions of TiO 2 nanoparticles with π-conjugated systems at a molecular scale in order to construct nanoscopic heterosupramolecular assemblies are well-described in literature [6] . In such systems, excited state photoinduced electron transfer reactions occur between different organic systems, including oligomers, dyes, etc. and nanocrystalline TiO 2 both in polar solvents and in the solid state [7] . Less attention was paid to the other semiconductors. Thus, only a few examples are known in literature on organic-inorganic nanocomposites of SnO 2 [8] [9] [10] .
Semiconductors SnO 2 and ZnO are well-known due to their excellent gas sensor characteristics. One of the major disadvantages of currently available semiconductor gas sensors are relatively high operating temperature and power consumption, which limits their use in a miniaturized gas analyzers and fire detectors. In recent years, several reports on the use of photoactivation to increase gas sensitivity of a metal oxide semiconductor (MOS) appeared. The vast majority of publications are devoted to study of MOS sensor properties under UV illumination [11] [12] [13] [14] [15] [16] [17] .
In order to develop new organic-inorganic composites based on SnO 2 and ZnO platform able to photoactivation at visible light, we have synthesized original tetrathiafulvalene (TTF) derivative 1 (scheme 1) containing thiophene units as substituent or as conjugated spacer and analyzed how the organic component modification influences on the gas sensor characteristics of the metal oxides. We report here the synthesis, optical and electrochemical properties of the compound 1, describe the procedure to prepare the SnO 2 and ZnO containing TTF 1 and present the data on structure of the hybrid material. Finally the gas sensor characteristics of novel material obtained under photo illumination are presented.
The TTF and its derivatives have been intensely studied because of their abilities to form organic metals and superconducting solids [18, 19] . During the last decade, a particular attention has been devoted to the design of TTF donors involving a π-extended system [19, 20] known to stabilize the metallic state [19, 21] . Thus, TTF derivatives incorporating aromatic substituents [22, 23] and dimeric TTFs linked by different aromatic conjugated spacers [24, 25] were successfully used to form highly conducting solids [26, 27] .
The design strategy in the present of TTF derivative 1 aims at achieving electron mobility and optical absorption in visible region. TTF 1 is donor (D) -acceptor (A) structured dye based on TTF fragment as donor unit and pyridine as acceptor unit. In addition, the π-bridge between TTF and pyridine has been designed to provide the easy electron connection through intramolecular charge transfer to reduce band gaps of molecules and to extend the absorption spectrum to longer wavelength. To the solution of 180 mg (0.37 mmol) of 5 in 10 ml methanol 56 mg (1.5 mmol) of NaBH 4 was added. The mixture was stirred at room temperature for 3 h. After finishing the reaction, the water was added. The mixture was extracted with chloroform. After removing of chloroform in vacuo, 180 mg (0.37 mmol) of 6 was obtained as orange oil. Yield = 99%. 1 After cooling, the solution of NaHCO 3 was added. The solvent was removed. The crude product was crystallized from mixture chloroform-ethyl acetate to afford 220 mg (0.27 mmol) of 7. Compound 7 is not stable on air. This is why it was used immediately after obtaining in the next step of the reaction. Yield = 74%.
1 H NMR (400 Hz, CDCl 3 ) δ(ppm) = 3.72, (m, (1,3-dithiol-2-ylidene)-1,3-dithiole-4-carbaldehyde in 15 ml tetrahydrofurane was added. The reaction mixture was stirred at 0 ∘ C for 1 h and then at room temperature for 2 h. The water was added to the reaction mixture, the product was extracted by chloroform. Nanocrystalline tin dioxide (SnO 2 ) was prepared by conventional hydrolysis of tin (IV) chloride [34] . SnCl 4 ·5H 2 O was dissolved in deionized water and commercial 25% aqueous ammonia (NH 3 ·H 2 O) was slowly added to the stirred solution to achieve a complete precipitation of α-stannic acid. The resulting gel was centrifuged, washed with deionized water up to complete disappearance of the chloride ions (AgNO 3 test), and dried at 80 ∘ C during 24 hours. The product was crushed and annealed in air at 300 ∘ C and 700 ∘ C for 24 hours.
4-{(E)-2-[16-(5-{(E)
For gas sensor measurements nanocrystalline oxide powders were mixed with a vehicle (α-terpineol in ethanol) and deposited in the form of thick films over functional substrates, provided with Pt contacts. Thick films were dried at 30 ∘ C for 24 hours and sintered at 300 ∘ C for 10 hours in air. To obtain the sensitized samples 0.1 µl of 10% solution of TTF 1 in acetonitrile was dropped on the top thick film surface, then the sensitized films were dried in air at room temperature for 24 hours.
Materials characterization
1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded on Varian VXR-400 spectrometer using HMDS as the internal standard and CDCl 3 , d 6 -acetone as the solvents. The chemical shifts and spin-spin coupling constants were determined with an accuracy of 0.01 ppm and 0.1 Hz, respectively. ESI-MS investigations in water/acetonitril mixture were performed using Agilent 1100 Series LC/MSD trap ESI. Direct infusion of analyzed solution was used. Optimum flow rate was 400 µl/h. The capillary and the capillary exit were maintained at potentials of 3.5 kV and 10 V respectively. The dry gas temperature was 350 ∘ C for ESI-MS and photoionization modes. Isotope patterns calculation was performed using Molecular Weight Calculator, Version 6.37 [Matthwe Monroe, Molecular Weight Calculator, Version 6.37].
Cyclic voltammetric experiments were carried out using a PI-50-1.1 potentiostat connected to a PR-8 programmer. The system consists of three-electrode assembly, glassy carbon (GC) electrode (working electrode, disk d = 2 mm), Ag/AgCl/KCl (satur.) (reference electrode) and platinum electrode (counter electrode). Tetrabutylammoniumperchlorate (TBP) (Fluka) 0.1 M, was used as received in acetonitrile. The anhydrous solvent had electronic grade purity. Compound concentration: 1 mM. A 1 mM solution of ferrocene along with 0.1 M TBAP in the respective solvents were employed during calibration. The cyclic voltammetric experiments were carried out after deaerating the experimental solutions by purging pure argon gas. All the measurements were carried out at 22 ∘ C. Scan rate: 200 mV/s. Phase composition was examined by X-ray powder diffraction (XRD) with the Rigaku diffractometer (wavelength λ =1.54059 Å (Cu Kα1 radiation)). The crystallite size (d XRD ) of SnO 2 and ZnO was calculated from the broadening of the most intensive XRD peaks using Scherrer equation. The specific surface area was measured by nitrogen adsorption using the BET model with the Chemisorb 2750 instrument (Micromeritics).
All sensor measurements have been carried out by flow through technique under a controlled constant flux of 100 ml/min. The atmosphere composition was preassigned by means of electronic mass-flow controllers (Bronkhorst), mixing flows coming from certified bottles containing a given amount of the target gas diluted in synthetic air with the background flow. Direct current (DC) measurements (U = 3 V) have been carried out to monitor the electrical conductance of the sample during exposure to NO 2 /air gas mixture (2 ppm NO 2 in dry air) under constant light illumination. Miniature light-emitting diod (LED) with λmax = 475 nm (blue) corresponding to the maximum absorption of TTF 1 was used as the illumination source.
The sensor signal was calculated as the ratio G air /G NO2 , where G air is the sensor conductance in pure air, G NO2 -conductance of the sample in the presence of NO 2 .
Photoconductivity of the samples was investigated in a cell shielded from the background light. Miniature LEDs with λmax = 535 nm (1.0 mW/cm 2 , green), λmax = 475 nm (2.9 mW/cm 2 , blue) and λmax = 380 nm (0.5 mW/cm 2 , UV)
were used as the illumination sources. Photoconductivity was registered using a Keithley 6517 electrometer as a change of the sample conductivity under illumination. The photoconductivity G * was calculated as a conductance ra-
G0 , where G(λ) is the film conductance 3 hours under illumination with corresponding λ, G 0 -film conductance in dark conditions.
Results and discussion

Synthesis, optical and electrochemical characteristics of the TTF derivative 1
The synthetic way to obtain of 1 is presented in Scheme 1. The TTF fragment was introduced into the dye molecule at the last stage of synthesis. This is because the TTF fragment is not stable enough in some chemical reactions. Thus, Horner-Wadsworth-Emmons condensation of formyl derivative of crown-containing thiophene 2 prepared by formylation of 15-crown-5 ether thiophene using of Vilsmeier reaction with diethyl (pyridin-4-ylmethyl)phosphonate gave styryl pyridine derivative 3 in trans configuration exclusively. This conclusion was made based on NMR datum on coupling constant for C=C double bond equal J =16.2 Hz. Bromo derivative 4 prepared by interaction of 3 with NBS was applied in Stille reaction with tributyl[5-(1,3-dioxolan-2-yl)thiophen-2-yl]stannane. After hydrolysis of the product of cross-coupling reaction compound 5 was obtained with middle yield (34%). Reduction of 5 with NaBH 4 and treatment of reduction product 6 with PPh 3 ·HBr afforded the compound 7 which easily oxidizes on air. We used it in the next step of the synthesis immediately after preparing. The final stage of the synthesis was a Wittig reaction between 7 and 2-(1,3-dithiol-2-ylidene)-1,3-dithiole-4-carbaldehyde resulted in obtaining of 1 with good yield (59%). Compound 1 demonstrates intensive broad absorption band in visible region (430 -490 nm) and low intensive fluorescence (< 1%) at 510 nm. For the compound 1, the main ways for the relaxation of the exited state could be following: a) photochemical transformation (E − Z isomerization), b) intersystem crossing and formation of triplet state. It is known that in oligothiophenes with a short conjugation length (2T and 3T) between 95% and 99% excited singlet states are relaxing through the intersystem crossing and forming triplet states [35] .
The cyclic voltammogram of the 1 ( fig. 1 ) exhibits two reversible oxidation waves (0.40/0.32 and 0.82/0.73) as suggested by the two oxidation peaks of TTF fragment and one irreversible oxidation wave (1.19 V) belonging to oxidation process of the thiophene fragment. In the region −2.0 V up to 0 V one can see ( fig. 1 ) two broad peaks (−1.66 and −1.80 V) describing the reduction of pyridine and thiophene fragments to form of stable anion and dianion radicals in course of process [36] [37] [38] .
Preparation and characterization of samples
The XRD patterns of the nanocrystalline SnO 2 powders demonstrate reflections of the tetragonal cassiterite phase for all samples ( fig. 2a) . Annealing of zinc hydroxocarbonate precursor at 300-700 ∘ C leads to the formation of the wurtzite ZnO phase ( fig. 2b) . Increasing the annealing temperature (T anneal. ) results in the growth of metal oxides grains (d XRD ) and leads to the decrease of the specific surface area S surf (Table 1 ). To prepare the hybrid material the solution of TTF 1 in acetonitrile was dropped on the top thick film surface of metal oxides, then the sensitized films were dried in air at room temperature (see Experimental part). Fig. 3 presents the room temperature electrical conductance of modified ZnO-based sample under blue light illumination (λmax = 475 nm) and periodic exposure to NO 2 gas (2 ppm in dry air). Similar behavior was observed for non-modified ZnO-based samples. The conductance of sensing layer decreases in the presence of NO 2 and increases to the initial level in pure air. This conductance decrease is due to adsorption of acceptor gas with high electron affinity (the electron affinity of NO 2 molecule is 2.27 eV [39] , which is significantly higher than that for the oxygen molecule 0.44 eV [40] ):
NO 2 gas sensor properties
where NO 2(gas) is nitrogen dioxide molecule in the ambient atmosphere; e − is an electron, which can reach the surface, that means it has enough energy to overcome the electric field resulting from the negative charging of the surface; S is unoccupied site for NO 2 chemisorption; NO − 2(ads) is a chemisorbed NO 2 species. It is very important to note that at room temperature in dark conditions the NO 2 adsorption on the surface of semiconductor oxides is strongly irreversible, and sensor conductance does not restore to its initial level (see inset in fig. 3 ).
We suppose that the role of illumination in the formation of sensor signal towards NO 2 is the same as in the case of oxygen controlled photoconductivity [41] . The energy of light used in this work is about 2.6 eV, smaller than Figure 3: Room temperature electrical conductance of TTF 1 modified ZnO-300 sample under blue light illumination (λmax =475 nm) and periodic exposure to NO 2 gas (2 ppm in dry air). Inset: Room temperature electrical conductance of TTF 1 modified ZnO-300 sample under exposure to NO 2 gas in dark conditions.
the SnO 2 and ZnO band gap energy (3.6 and 3.4 eV, respectively). However it has previously been reported that even light with an energy lower than the band gap can induce photodesorption of acceptor species due to the presence of sub-band surface states [42] . In this case the consequential mechanism for the generation of holes is realized: the photoholes are generated by photoinduced electron transition from ionized impurity levels to the conduction band, followed by thermal transitions of electrons from the valence band to empty acceptor levels. This mechanism is an indirect one and it depends both on the concentration of acceptor and temperature. It should be much weaker than the band gap mechanism and the corresponding threshold energy is Eg -Ea, where Ea is the ionization energy of the acceptor [43] . So, the photoexcited hole can recombine with the electrons trapped by the chemisorbed NO − 2(ads) :
The dynamic equilibrium between the processes (1) and (2) determines the value of sensor conductance in the presence of NO 2 molecules under blue light illumination. Fig . 4 shows the sensor signal towards 2 ppm NO 2 in dry air for blank and TTF 1 sensitized semiconductor oxides. For blank matrixes the sensor signal correlates with the specific surface area of a semiconductor oxide, and increases in the raw ZnO-700 < SnO 2 -700 < ZnO-300 < SnO 2 -300.
For highly dispersive matrixes the modification with TTF 1 leads to the decrease of sensor signal. This indicates that the transfer of light excited electron from TTF 1 to the conduction band of semiconductor oxide does not realized. Fig. 5 illustrates the scheme of mutual arrangement of the energy levels for TTF 1 and semiconductor oxides SnO 2 and ZnO. It is extremely important to note that valence band (E V ) and conduction band (E C ) positions correspond to the band structure in the semiconductor bulk. However, the interaction of atmospheric oxygen with n-type semiconductor oxides surface leads to the formation of molecular and atomic chemisorbed species O [44] :
where O 2(gas) is an oxygen molecule in the ambient atmosphere. This process results in the formation of a layer depleted of electrons near the surface of the semiconductor crystal grains and leads to the bending of the conduction band (E C ) and valence band (E V ). Finally, we can assume that for highly dispersive semiconductor oxides the real position of E C is higher than LUMO of TTF 1. Under these conditions the transfer of light excited electron from TTF 1 to the conduction band of semiconductor oxide becomes impossible. Since the part of the semiconductor oxide surface is occupied by TTF 1 molecules the last ones can block the adsorption site for NO 2 that leads to the decrease of sensor signal for TTF 1 modified SnO 2 -300 and ZnO-300 as compared with blank matrixes. An approximate quantification of the effect of band bending can be made on the base of the temperature dependence of the samples resistance R. For ceramic SnO 2 samples similar to those that were used in this work the conductivity has an activation character in the temperature range 25 -300 ∘ C [45] . The activation character of conductivity in nanocrystalline SnO 2 is, generally, due to the activation to the mobility threshold [46] . In this case, the corresponding energies are determined by the amplitude of modulation of the band potential, which depends on the barrier height at grain boundaries (band bending). The value of activation energy E A calculated by the formula R ∝ exp(E A /kT) was found to be about 1.18 eV for the sample with d XRD =3 nm. This estimation indicates that the real position of E C is higher than LUMO of TTF 1.
In contrast, modification of SnO 2 -700 and ZnO-700 samples with TTF 1 results in the growth of sensor signal towards NO 2 (Fig. 4) . High temperature treatment procedure gives rise to surface modification, which is revealed by the diminution of the surface disorder or by the faceting of the grains. Both mechanisms decrease the oxygen adsorption sites in comparison with the case of small nanograins without or with low-temperature treatments [34] . This effect determines the minimal band bending near the surface of the semiconductor oxide, which provides an opportunity for the electron transfer from LUMO of TTF 1 molecule to the conduction band of semiconductor matrix. As a result the sensor response to NO 2 is enhanced due to the increase of concentration of the electrons having sufficient energy to overcome the barrier created by the negative charged surface, and able to participate in the reaction (1) .
The comparison of photoconductivity G * of the blank and modified semiconductor metal oxides under illumination by light with different wavelength is presented in Table 2 . The results clearly show that the maximum effect was observed for SnO 2 -700 and ZnO-700 based samples by irradiation at wavelength 475nm what is the region of absorption maximum of TTF 1 ( Table 2 ). The results are in agreement with the suggestion concerning the electron transfer from LUMO of TTF 1 molecule to the conduction band of semiconductor matrix during photoirradiation.
Conclusion
In conclusion, we reported the synthetic and gas sensor characterization of the novel organic-inorganic compos-ites based on SnO 2 and ZnO treated with TTF derivative. The TTF derivative possesses mobile electron system and demonstrates the intensive absorption in visible region. Due to these characteristics and appropriate mutual arrangement of the energy levels for TTF 1 molecule and bulk semiconductor oxides SnO 2 and ZnO, we observed the growth of sensor signal towards NO 2 under irradiation with light for modified metal oxides. The conditions of the material preparing effect on the minimal band bending near the surface of the semiconductor oxide to provide the electron transfer from LUMO of TTF 1 molecule to the conduction band of semiconductor matrix under irradiation with light.
